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Study of the nonradiative channels of recombination in III-V-based multiquantum wells is of great importance for optoelectronic applications of these materials. The development of the semiconductor diode laser designed for more than 3-m band requires the control of nonradiative processes. The Auger recombination is the main limiting factor that prevents the room-temperature operation, low-threshold current, and high-output power of the midinfrared lightemitting devices.
The material systems with type-II band alignment such as InAs/In x Ga 1Ϫx Sb superlattices ͑SL's͒ and quantum wells were recognized as promising materials for midinfrared diode lasers due to the predicted reduced Auger recombination rates. [1] [2] [3] [4] The measurements of the Auger recombination coefficient by pump-probe transmission have also shown suppressed Auger rates in comparison with bulk materials. 5 The quantum confinement, strain splitting in the valence band, and off-resonance positions of the spin-orbit splitt-off band as a result of the type-II alignment were considered as factors contributing to suppression. However, there are intrinsic peculiarities of the Auger process in quasi-two-dimensional structures, which differ it from that in bulk material. As a result of the momentum-conservation violation in growth direction, the Auger process has no threshold and the recombination rate has weak power-law temperature dependence instead of a strong exponential one in the bulk. [6] [7] [8] In other words, the Auger process is less sensitive to temperature, and this means the effective interface-induced suppression of the Auger recombination.
To date, the temperature dependence of the Auger recombination rates in type-II SL's has not been investigated. In this paper we deduce the temperature dependence of the recombination rate from the measurements of the photocurrent response in the high-temperature region where the Auger recombination dominates the nonradiative processes. We report the weak ͑nonexponential͒ temperature dependence of the Auger recombination rates in type-II InAs/GaSb SL. The observed temperature dependence supports the theoretical predictions [6] [7] [8] of the thresholdless Auger process as a result of the interface-induced violation of the momentum conservation in thin quantum wells.
Short-period type-II superlattices for experiments were grown by molecular-beam epitaxy ͑MBE͒ on semi-insulating GaAs substrates as described elsewhere. 9, 10 The superlattices consist of 48-Å InAs/48-Å GaSb layers with 1-ML-thick InSb-like interfaces. The InSb layers compensate the tensile effect of the InAs layers, and the average lattice constant of the superlattice is very close to the GaSb buffer layer. A thin layer of AlSb was grown before the superlattice. This layer reduces the leakage current through the GaSb buffer layer and increases the accuracy of the electrical measurements.
The photoconductor devices were prepared by making Ohmic contacts with either indium annealing or aluminum deposition and etching. No passivation or antireflection coating was used on the surface. The samples were then mounted to a cooper heatsink and attached to the cold finger of a liquid-nitrogen cryostat equipped with a temperature controller. Spectral photoresponse was measured using a Galaxy 3000 FTIR spectrometer system. The samples were illuminated through the front side at normal incidence. Absolute response of the photodetectors was calculated using a blackbody test set, which is composed of a blackbody source ͑Mikron 305͒, preamplifier ͑EG&G PA-6͒, lock-in amplifier ͑EG&G 5209͒, and chopper system ͑Stanford Research System LSR540͒.
We have found that the current responsivity at ϭ10.6 m is proportional to T Ϫ2 in a wide temperature range Ϸ150-300 K ͑Fig. 1͒. The temperature-dependent part of the current responsivity is given as
where is the lifetime of nonequilibrium carriers, and e , h are mobilities of electrons and holes, respectively. The experimental result in Fig. 1 means that the observed lifetime's temperature dependence is as follows:
In the high-temperature region (Tу200 K), the lifetime is mainly determined by Auger recombination. To be able to determine the Auger lifetime temperature dependence from Eq. ͑2͒, the mobilities of the electrons and holes must be known. We determined the mobilities from Hall measurement on the same SL for which the optical data shown in Fig. 1 were obtained. The samples were prepared to the Van der Pauw pattern with annealed indium contacts. The electrical field was perpendicular to the growth direction while the magnetic field was parallel to the growth direction.
The semiconductor energy gap in this SL was deduced from the photoresponse cutoff frequency (E g Ϸ0.1 eV). The SL was not doped intentionally, however the Fermi level at low temperatures is most likely shifted to the valence subband of the SL due to the thick p-type GaSb ( p Ϸ10 16 cm
Ϫ3
) buffer layer, so acceptors with a density of N a Ϸ10
15 cm Ϫ3 and activation energy of 0.02 eV were assumed in the SL. First we found the Fermi level from the neutrality equation nϩN a Ϫ ϭp, and then the temperature dependencies of the electron n ͑InAs͒ and hole p ͑GaSb͒ densities in the SL with the following parameters: m e ϭ0.023m 0 ; m h ϭ0.3m 0 ; volume densities are normalized to the period of the SL DϷ100 A. In Fig 2, In order to determine mobilities e,h , we analyzed the Hall effect and resistivity data with a two-carrier model assuming a Hall factor to be unity. Experimental data on Hall concentration ͑Fig. 2͒ and Hall mobility ͑Fig. 3͒ were used. The mobilities were found by fitting to the experimental temperature dependence of the resistivity and Hall coefficient R H (Bϭ0.5 T is the applied magnetic field͒:
where
The result of the calculation reveals that mobilities weakly depend on temperature in the high-temperature region as is shown in Fig. 3 . Electron and hole mobilities from the above calculations were used to obtain the magnetic-field dependence of the Hall coefficient R H (B). The comparison of the measured with the calculated R H (B) is shown in Fig. 4 . The observed dependence of the R H (B) at low fields cannot be explained by the two-carrier model ͑electrons in InAs and holes in GaSb, solid line in Fig. 4͒ and is explained by including in modeling the small number of holelike carriers of the third type with high mobility Bӷ1. To obtain a good agreement with the experiment we assume the third type of carriers with a density of 10 13 Fig. 4͒ . The nature of these interface carriers is under question and is beyond the scope of the present paper. It can be said that in the GaSb/InAs SL these fast carriers are attributed most likely to the one-two-monolayers-thick InSb at interface. Besides, at interface of this kind the electron-or holelike Tamm states may exist, and this possibility has been discussed in detail elsewhere. 12 It should be noted that similar behavior of R H (B) has also been observed in the PbTe/ SnTe short period SL's and the existence of the fast carriers, attributed to interface states, has been supposed 13 in order to explain the low-field behavior of the R H (B).
In the high-temperature region, where lifetime is supposed to be due to Auger recombination, the parameter e ϩ h in Eq. ͑1͒ is almost independent of temperature ͑see Fig. 3͒ . Weak temperature dependence of the mobility up to ambient temperature has also been observed in the InAs/ Ga 1Ϫx In x Sb SL's and it was attributed to the fact that interface roughness contribution dominates the momentum relaxation time.
14 From Eq. ͑2͒ we obtain the Auger coefficient C(T) in the form
For comparison, in the bulk material we have ͑electron and holes are nondegenerate͒ 15 C͑T ͒ϰ
where A is the activation energy for the Auger process in which the recombination of an electron in the conduction band and a hole in the valence band leads to excitation of an electron in the conduction band to a higher energy.
The power-law temperature dependence in Eq. ͑4͒ as opposed to an exponential dependence in Eq. ͑5͒ reflects the absence of threshold in the Auger process in the type-II SL under consideration. The thresholdless temperature behavior has been predicted for thin quantum wells of type-I ͑Refs 6 and 7͒ and type-II, 8 and it is a consequence of an interfaceinduced violation of momentum conservation in the Auger recombination process.
The actual temperature dependence of the Auger coefficient C(T) in InAs/GaSb SL's ͓in Eq. ͑4͔͒ depends on carrier statistics. For laser applications of the multiple quantum well and SL, the most important case is strong excitation, when the transparency carrier density nϭ p depends on temperature as nϰT. It means that in the high-temperature region the Auger coefficient is almost independent on temperature. Thus, at laser threshold, the Auger coefficient C(T) should reveal the weak temperature dependence, indicating the effective suppression of the temperature sensitivity of the laser emission in lasers, based on SL InAs/GaSb.
In conclusion, the Auger recombination coefficient in InAs/GaSb SL's, deduced from optical and electrical measurements, reveals temperature behavior that differs from the bulklike Auger process. This can be considered as an experimental evidence of the role of interfaces in the Auger process. Qualitatively, it is in agreement with theories that predict the power-law temperature dependence of the Auger recombination rate in thin quantum wells. To date, there is no calculation of the Auger recombination rate, which could be used for quantitative comparison with our experimental data, because calculations made for type-II quantum wells 8 are not valid for the type-II broken-gap structure investigated here.
